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Competition induces increased toxin production in toad larvae 
without allelopathic effects on heterospecific tadpoles























anti-predatory	 defences	 are	 often	 in	 trade-off	 with	 anti-competitor	 responses,	
chemicals	that	deter	predators	may	have	negative	effects	on	competitors	as	well.	
Allelopathy	is	well	known	in	plants	and	plant-like	animals,	but	whether	the	toxins	of	
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protection	against	 those	enemies;	 this	 form	of	phenotypic	plasticity	
is	 referred	 to	 as	 inducible	 defence	 (Adler	 &	 Harvell,	 1990;	 Tollrian	
&	Harvell,	 1999).	 It	 occurs	 in	 diverse	 taxa	 in	many	 forms,	 including	
changes	 in	 body	 shape	 that	 reduce	 palatability	 or	 enhance	 escape	
ability,	 behavioural	 responses	 that	 reduce	 the	 encounter	 rate	 with	







Hettyey,	 Vincze,	 Zsarnóczai,	 Hoi,	 &	 Laurila,	 2011;	 Relyea	 &	 Auld,	
2005;	Tollrian	&	Harvell,	 1999;	Van	Buskirk,	 2002).	However,	 pred-
ators	are	not	 the	only	kind	of	enemies	 that	organisms	need	to	 fend	
off;	competitors	can	also	have	large	effects	(Connell,	1983;	Gurevitch,	
Morrow,	Wallace,	 &	Walsh,	 1992).	 The	 adaptive	 responses	 against	
competitors	are	often	in	trade-	off	with	the	adaptive	responses	against	
predators:	 for	example,	behavioural	and	morphological	changes	that	












vide	valuable	 insights	 into	 the	 ecology	 and	evolution	of	 phenotypic	
plasticity	(Hettyey	et	al.,	2014).
In	 competitive	 interactions,	 organisms	 can	 use	 chemical	 sub-
stances	that	provide	advantage	by	harming	their	competitors;	such	
substances	have	been	variably	termed	defensive	or	offensive	chem-
icals,	 allelochemicals	 or	 allomones	 (Berenbaum,	 1995).	 Chemical	
interference	or	allelopathy	can	be	an	effective	way	of	overcoming	
competitors,	 especially	 in	 sessile	 organisms	 like	 plants,	 fungi	 and	
benthic	marine	 invertebrates	 (Reigosa,	 Pedrol,	&	González,	 2006).	
The	 role	 of	 allelochemicals	 in	 competitive	 interactions	 is	 much	
less	 known	 in	mobile	 animals	 that	 can	employ	a	wide	diversity	of	






Shine,	 2009)	 similar	 to	 the	 herbivore-	induced	 chemical	 responses	
of	primary	producers	(Tollrian	&	Harvell,	1999).	However,	we	know	
very	little	about	the	phenotypic	plasticity	of	toxin	production	in	an-
imals	 in	 response	 to	 competitors	 (Adler	&	Harvell,	 1990;	Hettyey	
et	al.,	2014).
In	 this	 study,	we	 investigated	 the	 effect	 of	 competition	 on	 the	
toxin	 production	 of	 amphibian	 larvae,	 and	 the	 allelopathic	 potential	
of	 competitor-	induced	 toxin	 production.	At	 high	 densities,	 amphib-







algae	 (Bardsley	 &	 Beebee,	 2001;	 Griffiths,	 Denton,	 &	Wong,	 1993;	







We	 examined	 common	 toads	 Bufo bufo,	 which	 contain	 toxins	
that	make	them	distasteful	or	even	 lethal	upon	 ingestion	or	contact	
(Crossland,	Brown,	&	 Shine,	 2011;	Henrikson,	 1990)	 or	via	 indirect,	
waterborne	 interactions	 (Crossland	 &	 Shine,	 2012;	 Crossland	 et	al.,	





and	 increased	when	tadpoles	were	 food-	restricted	 in	 the	 laboratory	








of	 agile	 frog	 tadpoles.	Whether	 such	 inhibition	occurs	 and	whether	






toxin	production,	 (2)	heterospecific	 competitors	have	a	 larger	effect	
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ponds	 that	are	 the	 typical	 larval	habitats	of	 these	amphibians	 (Vági,	
Kovács,	Băncilă,	Hartel,	&	Anthony,	2013).


















larvae	plus	three	Rana	 larvae	 (treatment	6B3R)	to	have	similar	 total	





6B3R	and	12B6R,	while	 in	 treatment	6B9R,	 it	was	1:3	 (Bufo:Rana).	
This	 latter	treatment	was	added	for	double	purpose:	to	address	not	
only	 competition-	induced	 toxicity	 but	 also	 allelopathy,	 because	we	
F IGURE  1 Schematics	of	the	
experimental	design	(a),	and	the	effects	








differences	(g:	p = .068,	i:	p = .085,	 




























































































































































































placed	 in	one	tub	 in	treatment	6B9R;	however,	 this	 tub	was	not	an	
extreme	data	point	in	any	of	the	examined	variables	(in	the	analyses	
we	treated	this	tub	as	if	there	had	been	six	Bufo	in	it,	to	avoid	having	
a	 treatment	group	with	n = 1).	All	 treatments	were	started	with	 the	






from	 a	 natural	 pond	 in	 Hungary	 (47°44′4.12″N,	 18°49′7.04″E).	
We	 transported	 the	 eggs	 to	 the	 experimental	 station	 of	 the	 Plant	
Protection	 Institute	 in	Budapest,	where	we	kept	Bufo	eggs	 in	0.5	L	
and	Rana	eggs	in	1	L	reconstituted	soft	water	(RSW;	48	mg	NaHCO3,	
30	mg	CaSO4	×	2	H2O,	 61	mg	MgSO4	×	7	H2O,	 2	mg	KCl	 added	 to	
1	L	reverse	osmosis-	filtered	water).	Room	temperature	was	21°C	and	
lighting	was	set	to	mimic	the	natural	photoperiod.	Right	before	hatch-




with	40	L	 tap	water.	To	each	 tub,	we	added	0.5	L	pond	water	 (con-
taining	phytoplankton	and	zooplankton)	and	20	g	dried	beech	(Fagus 
sylvatica)	 leaves	 to	 set	up	 a	 self-	sustaining	ecosystem	 that	provides	
shelter	 and	nutrients	 for	 tadpoles.	To	prevent	 colonization	by	pred-
ators,	we	 covered	 the	 tubs	with	mosquito	 net	 lids.	 Two	 days	 after	
hatching,	we	started	the	experiment	by	randomly	selecting	44	healthy	
Bufo	 tadpoles	 and	 24	 Rana	 tadpoles	 from	 each	 family,	 and	 placing	
them	into	the	tubs	as	follows.	For	each	species,	the	nine	families	were	
divided	 into	 three	 groups	of	 three	 families	 each,	 such	 that	 the	 first	
Bufo	family	group	was	paired	up	with	the	first	Rana	family	group	and	
so	on.	From	each	family	group,	we	randomly	distributed	the	tadpoles	
across	 the	 eight	 treatment	 groups	 (Figure	1a),	 with	 two	 replicates	











tadpoles	 (n = 216)	 in	50%	ethanol.	We	 identified	 the	developmental	
stage	of	all	tadpoles	according	to	Gosner	(1960)	by	stereomicroscopic	










mass	 (±0.1	mg);	 then	 the	 samples	 were	 re-	dissolved	 in	 1	ml	 HPLC-	
grade	 absolute	 methanol	 and	 filtered	 using	 nylon	 syringe	 filters.	
Quantitative	measurement	of	bufadienolide	compounds	was	carried	
out	 by	 a	 single-	quadrupole	 HPLC-	MS	 system	 (Model	 LC-	MS-	2020,	
Shimadzu,	 Kyoto,	 Japan)	 equipped	 with	 a	 binary	 gradient	 solvent	
pump,	 a	 vacuum	 degasser,	 a	 thermostated	 autosampler,	 a	 column	
oven,	 a	 photodiode	detector	 and	 a	mass	 analyser	with	 electrospray	
ionization	(ESI/MS).	From	each	sample,	10	µL	were	injected	and	ana-
lysed	at	35°C	on	a	Kinetex	C18	2.6	μm	column	 (100	×	3	mm	 i.d.)	 in	
series	with	an	octadecyl	C18	guard	column	(4	×	3	mm	i.d.).	Eluent	A	
was	 5%	 aqueous	 acetonitrile	 with	 0.05%	 formic	 acid	 and	 eluent	 B	
was	acetonitrile	with	0.05%	formic	acid.	The	flow	rate	was	0.6	ml/min	
and	 the	 gradient	 was	 as	 follows:	 0–2	min,	 10%–20%	 B;	 2–15	min,	
20%–32%	B;	 15–21	min,	 32%–60%	B;	 21–21.5	min,	 60%–100%	B;	
21.5–26	min	 100%	 B;	 and	 26–30	min	 10%	 B.	 ESI	 conditions	 were	













We	 detected	 24	 bufadienolide	 compounds	 (Table	 S1).	 We	
used	the	calibration	curve	of	the	bufotalin	standard	to	express	the	
bufotalin-	equivalent	 mass	 of	 each	 bufadienolide	 compound	 per	
sample	 (Benard	 &	 Fordyce,	 2003;	 Hagman	 et	al.,	 2009);	 then	we	
summed	the	values	of	all	compounds	to	estimate	the	total	amount	
of	 bufadienolides	 per	 individual.	 This	 variable	 was	 then	 divided	
by	 tadpole	dry	mass	 to	obtain	 the	 total	 amount	of	bufadienolides	
per	 body	 mass	 (mass-	corrected	 amount	 of	 bufadienolides	 hence-
forward).	We	 analysed	 both	 variables	 because	 they	 quantify	 two	
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All	 statistical	 analyses	 were	 run	 with	 r	 3.3.1,	 using	 the	 packages	
“nlme”	and	“lsmeans”.	We	used	two	alternative	approaches	as	follows.	
First,	we	employed	the	concept	of	response	surface	analysis	(Inouye,	
2001)	 to	 assess	 how	 the	 tadpoles’	 mass,	 developmental	 stage	 and	










and	correcting	 the	p-	values	 for	multiple	 testing	with	 the	FDR	 (false	
discovery	rate)	method	(Pike,	2011).
All	 analyses	 were	 performed	 with	 linear	 mixed-	effects	 (LME)	
	models,	 in	 which	 we	 allowed	 for	 heteroscedasticity	 across	 treat-
ment	groups	 (Zuur,	 Ieno,	Walker,	Saveliev,	&	Smith,	2009)	using	 the	
	“varIdent”	 function	 in	 “lme”	 models.	When	 the	 dependent	 variable	
was	 the	 total	mass	 of	 tadpoles	 per	 tub,	we	 used	 family	 group	 as	 a	
random	factor.	When	the	dependent	variable	was	the	body	mass	or	
developmental	stage	of	individual	tadpoles,	number	of	bufadienolide	











ment	 groups	 did	 not	 differ	 among	 each	 other	 but	 had	 significantly	
larger	 total	 mass	 than	 the	 four	 treatment	 groups	 with	 medium	 or	
low	density	(Figure	1b).	Also,	the	low-	density	group	had	significantly	
less	 total	 mass	 than	 two	 out	 of	 the	 three	 medium-	density	 groups	
(Figure	1b).	These	differences	agree	well	with	our	planned	grouping	









density	 treatments	 (F5,28	=	5.25,	 p = .002;	 Figure	1c)	 and	 decreased	
with	increasing	numbers	of	both	conspecific	and	heterospecific	com-
petitors	 (Table	1).	 The	addition	of	one	Rana	was	estimated	 to	have	
about	twice	as	large	an	effect	as	the	addition	of	one	Bufo	(Table	1),	
suggesting	 that	 the	 effect	 of	 competitor	 biomass	 per	 species	 was	
















conspecifics	 had	 a	 significant,	 consistently	 positive	 effect	while	 the	
effect	of	Rana	was	marginally	non-	significant	and	negative	when	they	
were	 few	and	 increased	as	 their	numbers	grew	 (Table	1,	 Figure	S1).	
As	a	result,	 total	bufadienolide	amount	was	higher	 in	the	two	treat-




with	 total	 competitor	 density	 (Figure	1f)	 and	 increased	 significantly	









among	 treatment	 groups	 (F4,23	=	0.56,	 p = .691;	 Figure	1c)	 and	 was	
not	significantly	explained	by	the	number	of	conspecific	or	heterospe-
cific	competitors	 (Table	1).	Notably,	 the	body	mass	of	six	Rana	 tad-
poles	was	essentially	the	same	when	they	were	raised	in	the	presence	
6  |    Functional Ecology BÓKONY et al.






Our	 study	 yielded	 two	 main	 results.	 On	 the	 one	 hand,	 we	 found	
that	Bufo	tadpoles	contained	 increased	quantities	of	bufadienolides	
at	 higher	 competitor	 densities,	 demonstrating	 competition-	induced	







toxin	 synthesis	 in	 response	 to	 increased	 competition	 in	 free-	moving	
animals,	demonstrating	that	phenotypic	plasticity	of	chemical	defence	
(or	 offence)	 is	 not	 limited	 to	 predator–prey	 interactions	 and	 immune	
responses	 in	 behaviourally	 and	 morphologically	 complex	 organisms	
(Hettyey	et	al.,	2014;	Tollrian	&	Harvell,	1999).	This	experimental	result	
TABLE  1 Results	of	response	surface	analysis	testing	the	effects	of	Bufo	and	Rana	tadpoles	and	their	interaction
Dependent variable Parametersa Coefficient ± SE df t p
Bufo	tadpolesb
Body	mass	(mg) Intercept 300.957	±	17.373 362 17.32 <.001
Number	of	Bufo −4.387	±	0.992 30 −4.42 <.001
Number	of	Rana −8.764	±	4.334 30 −2.02 .052
Bufo	×	Rana 0.363	±	0.488 30 0.74 .463
Developmental	stage Intercept 33.341	±	0.434 362 76.83 <.001
Number	of	Bufo −0.011	±	0.022 30 −0.50 .619
Number	of	Rana −0.091	±	0.097 30 −0.93 .357
Bufo	×	Rana 0.005	±	0.011 30 0.47 .644
Number	of	bufadienolide	compounds Intercept 21.685	±	0.428 362 50.64 <.001
Number	of	Bufo 0.037 ± 0.019 30 1.98 .057
Number	of	Rana −0.017	±	0.088 30 −0.19 .850
Bufo	×	Rana 0.004	±	0.009 30 0.40 .691
Total	bufadienolide	amount	(log10 μg) Intercept 0.644	±	0.033 362 19.30 <.001
Number	of	Bufo 0.005	±	0.002 30 2.76 .010
Number	of	Rana −0.016	±	0.008 30 −1.99 .056
Bufo	×	Rana 0.002 ± 0.001 30 2.67 .012
Mass-	corrected	bufadienolide	amount	
(log10	ng/mg)
Intercept 2.082	±	0.053 362 39.37 <.001
Number	of	Bufo 0.018 ± 0.003 30 6.76 <.001
Number	of	Rana 0.010 ± 0.012 30 0.85 .403
Bufo	×	Rana 0.001 ± 0.001 30 0.87 .392
Rana	tadpoles
Body	massc	(mg) Intercept 284.873	±	52.567 186 5.42 <.001
Number	of	Bufo 4.328	±	8.958 24 0.48 .633
Number	of	Rana 4.731	±	5.177 24 0.91 .370
Bufo	×	Rana −0.867	±	1.254 24 −0.69 .496
Developmental	staged Intercept 28.768	±	0.346 185 83.24 <.001
Number	of	Bufo −0.006	±	0.061 24 −0.10 .919
Number	of	Rana 0.047	±	0.035 24 1.33 .195
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corroborates	our	earlier	finding	that	the	toxin	content	of	common	toad	















petitive	environments	 (Üveges	et	al.,	 2017;	 figure	1e,f	 in	 the	present	
study).	This	suggests	that	competing	tadpoles	invested	their	resources	
into	toxin	production	at	the	expense	of	growth;	or	alternatively,	 they	











cause	 toxin-	producing	 species	 should	have	evolved	protection	 from	
autotoxicity;	 for	 example,	 consuming	 the	bufadienolide-	rich	eggs	or	
tissues	of	cane	toads	Rhinella marina	has	no	 ill	effect	on	conspecific	
tadpoles	but	kills	other	species	 (Crossland	&	Shine,	2012;	Crossland	
et	al.,	 2011).	 However,	 in	 the	 common	 toad–agile	 frog	 system,	 we	
found	no	indication	that	interspecific	competition	would	be	the	spe-
cific	 driver	 of	 toxin	 production.	 Bufo	 tadpoles’	 bufadienolide	 levels	
were	not	 increased	by	 the	presence	of	Rana	tadpoles	more	 than	by	
the	same	total	mass	of	conspecific	competitors,	and	the	presence	of	
Bufo	larvae	did	not	reduce	the	growth	and	development	of	Rana	lar-









than	 by	Rana	 tadpoles.	 Low	encounter	 rates	might	 also	 explain	 the	
lack	of	allelopathic	effects	on	Rana	tadpoles,	because	bufadienolides	
are	 amphiphilic	molecules	 so	 their	 highest	 concentrations	 are	 likely	






Jordan,	 Rombough,	 Pearl,	 &	 McCreary,	 2004;	 Mahapatra,	 Dutta,	 &	
Sahoo,	2017;	Wildy,	Chivers,	Kiesecker,	&	Blaustein,	2001).
Response	surface	analysis	indicated	that	intraspecific	competition	






First,	high	densities	and	 low	per	capita	food	 levels	are	known	to	 in-
crease	the	incidence	of	intraspecific	aggression	and	cannibalism	in	am-
phibian	larvae	(Jefferson	et	al.,	2014;	Jordan	et	al.,	2004;	Mahapatra	


























































interspecific	 allelopathic	 effects,	 the	 potential	 of	 bufadienolides	 to	
mitigate	infection	risk	and/or	to	prevent	cannibalism	makes	them	ideal	
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